Abstract. Water vapor is the most important greenhouse gas in the atmosphere with important implications not only for the 
al., 2012; Steiner et al., 2013) . It is also shown that the variational method can produce profiles of refractivity, temperature, and pressure that agree better with radiosonde observations than operational ECMWF analyses (Wee and Kuo, 2014) , although the radiosonde data are assimilated into the ECMWF analysis system. The studies also confirm that RO-derived profiles are virtually bias-free, and small systematic differences from radiosonde data are largely attributable to radiation-induced biases in radiosonde temperatures (Sun et al., 2013) . Given that the measurements are accurate and all other derived parameters are 5 unbiased, it would be reasonable to expect the derived water vapor to be accurate as well.
The background error covariance matrix used in COSMIC 1D-Var is based on long-term statistics of background departures from radiosonde observations. The differences between short-and longer-term forecasts valid at the same are also used to extend the coverage above the balloon burst height. In regard to the moisture in the UTLS, the background error is about 10% on average in the relative humidity and it varies with height, latitude, and season. The error correlation length used in the 10 1D-Var is about 200 m in that region. In this study, we hypothesize that the variational estimation is robust for the large-scale.
In other words, we anticipate the method to produce a realistic distribution of water vapor in the large spatiotemporal scales for which the assumption we made about the background error is more likely to hold. By averaging a large number of samples collected over a long period, occasional retrieval errors in individual profiles may cancel each other out. The massive sample size also reduces the uncertainty in the mean water vapor. In comparing the COSMIC water vapor to other datasets, our focus 15 is on the scales that can be commonly represented by all datasets. Therefore, we converted the water vapor pressure into VMR and then interpolated it to 55 fixed pressure levels between 10 hPa and 300 hPa. The horizontal grid used in this study for the COSMIC data is a regular 1.9
• x2.5
• latitude-longitude grid.
MLS
MLS was launched into a near polar, sun-synchronous, 705 km altitude orbit on 15 July 2004 (Schoeberl et al., 2006) . It scans 20 the Earth limb giving 240 scans per orbit, spaced about 165 km along the orbit track, and up to 3500 profiles per day. It has a global latitudinal data coverage from 82
• N to 82 • S. MLS measures the radiance emitted by the Earth's atmosphere and water vapor is retrieved from measurements of the 190 GHz water vapor rotational line spectrum. The MLS data processing algorithm is based on the optimal estimation approach and uses a two-dimensional system to determine temperature, geopotential height and composition (Livesey et al., 2006) . Here, we use the latest public release of MLS data v4.2, in which the upper tropospheric 25 and lower stratospheric humidity estimation and cloud detection methodology are improved compared with earlier MLS data versions. Especially the dry biases of MLS data at 316-215 hPa is better than earlier version though there are still some extremely low values at 215 hPa (Livesey et al., 2015) . The MLS measurements from 2007 to 2013 were compiled into monthly zonal mean time series on a 1.5
• x2
• latitude-longitude grid, and on 20 pressure levels from 316 hPa to 10 hPa. In April 2007 , 2008 , 2009 and November 2007 , 2008 , 2009 there is no valid water vapor data in 30 the MLS data.
The MLS water vapor data has been validated by a number of studies with different instruments, such as datasets from balloon and satellite platforms, frost point hygrometer and WB57 aircraft hygrometer (Lambert et al., 2007; Read et al., 2007; Hurst et al., 2014) . The MLS water vapor shows good agreement with the multi-instrument mean reference throughout most of Interim data with a horizontal resolution of 1.5
• x1.5
• on 37 pressure levels between 1 hPa and 1000 hPa. In this study, we 10 only use 13 levels from 300 hPa to 10 hPa. The specific humidity in the reanalysis data is converted into VMR.
MERRA
MERRA is a reanalysis dataset based on the Goddard Earth Observing System Data Assimilation System Version 5 (GEOS-5) (Rienecker et al., 2008) . MERRA takes advantage of a variety of recent satellite data, for example the NASA's Earth
Observing System (EOS), the AIRS instruments, the Advanced Television and Infrared Observatory Spacecraft Operational
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Vertical Sounder (ATOVS) etc. (Rienecker et al., 2011) . We use monthly MERRA data on 1.5
• latitude-longitude grid and 21 levels. The original data have 72 levels that are about 1 km in the resolution. While using MLS data, MERRA does not assimilate COSMIC data. Therefore, COSMIC is independent of MERRA and MLS is unrelated to ERA-Interim. In general, water vapor increases rapidly with an increasing pressure in the upper troposphere, and tropics are wetter than high latitudes reflecting the meridional thermal structure. The tropopause height, which varies with the latitude, can be roughly 25 estimated from the sudden changes in the vertical moisture gradient there. Above the tropical tropopause (near 80 hPa), the minimum VMR is ∼3.5-4 ppmv. This can be explained by dehydration of water vapor while crossing the cold tropopause as reported by previous studies (e.g., SPARC, 2000; Schoeberl et al., 2012; Hegglin et al., 2013) . At higher levels, the water vapor increases slightly with the height, related to oxidation of methane (e.g., Mote et al., 1996; SPARC, 2000) . Both COSMIC and MLS capture all these features well, although there are some differences between them in the detailed pattern and amount. The with MLS, although it is slightly wetter than MLS around the tropical tropopause and drier in the tropical lower to middle stratosphere (50-10 hPa). MERRA also shows a good agreement with MLS in the tropics but is too wet over the Antarctic, ERA-Interim on the other hand is persistently wetter in both regions. For JJA (Figure 3 ), the inter-data discrepancy is more pronounced over the Antarctic. While all datasets show lowest VMR from lower to middle stratosphere resulting from very low temperatures and subsequent dehydration, ERA-Interim is noticeably wetter than other datasets over the Antarctic. MERRA 10 captures this minimum, but with another local minimum below the tropopause over latitude 60 • S to 80
• S between 150 hPa and 300 hPa, which is not supported by COSMIC observations. The disagreement among the datasets over the Antarctic is presumably due to the limited data coverage of MLS in the latitudes southward of 82 • S. COSMIC, which does not have such an issue, might be trustworthy in the region. Nonetheless, the small VMR (∼2 ppmv) may challenge the accuracy of any present-day stratospheric water vapor measurements.
To further understand the inter-data differences between these datasets, percentage differences of annually averaged water 
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The most evident discrepancies of water vapor between the different datasets are found in the upper troposphere region (250-150 hPa), which can be seen in all latitude bands. COSMIC shows 50-100% higher water vapor than MLS in the tropics and over 100% higher water vapor at other latitudes. ERA-Interim shows comparable or even larger discrepancies than COSMIC.
MERRA shows the best agreement with MLS but is also biased somewhat higher, although it assimilates MLS data. This is because of the known dry (low) bias of MLS water vapor retrievals in the UTLS region (Vömel et al., 2007; Barnes et al., 25 but has a pronounced wet bias over the Antarctic latitudes.
Seasonal Variability
The seasonal cycle of water vapor at different pressure levels, including its annual cycle and interannual variations, from 2007 to 2013 averaged within the chosen latitudinal belts (10 in the NH is not as steady and strong as in the SH, the temperature is not low enough for water vapor dehydration. At the same time, the downward motion of the Brewer-Dobson circulation (BDC) is strongest during winter, which transports wet air from the upper levels to the lower stratosphere. Therefore, the minimum water vapor is not in winter, but exists during spring to summer instead. Also interesting is that the seasonal cycle is different in the upper troposphere compared to the lower stratosphere. This is because the water vapor in the upper troposphere is controlled by the tropopause height and the mixing in the lower atmosphere. The maximum is shifted to summer, because a higher tropopause allows for more tropospheric air mixing. The upper tropospheric water vapor is effected by the surface and the stratospheric water vapor is more effected by the upper stratosphere, which can be clearly seen from the slopes of the contour lines (especially for COSMIC). The annual cycle in the reanalysis datasets agrees well with observations in general, although the amplitudes are weaker in both MERRA and 5 ERA-Interim than in MLS and COSMIC.
In mid-latitudes (not shown here), the strong seasonal variability in the upper troposphere in both hemispheres is similar to those in the NH polar region, i.e., the bottom-up transport determines the maximum of water vapor in summer at the upper troposphere and the top-down transport determines the minimum water vapor in spring to summer in the lower stratosphere.
Unlike the similar value in the upper troposphere in the NH, the ERA-Interim is much higher and MERRA is much lower than
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MLS and COSMIC data in the upper troposphere (not show here). The SH lower stratosphere between the tropopause (around 100 hPa) is slightly drier than the NH, partly due to moistening by the northern mid-latitudes monsoon (e.g., Stone et al., 2000; Randel, 2015) . The ERA-Interim in mid-latitude agrees better with satellite data (COSMIC and MLS) than MERRA.
In the tropics, water vapor is lowest during boreal winter (DJF), when the tropopause is coldest and water vapor is mostly dehydrated (Figure 9 ). The observed seasonal variation of water vapor at the tropical tropopause is affected by the annual 15 variation in tropical tropopause temperatures (SPARC, 2000) . This very dry air is then transported upwards to about 10 hPa, which is termed as the tropical "tape recorder" (Mote et al., 1996) . The slope of this "tape recorder" indicates the speed of the upwelling. The upwelling is faster in COSMIC and ERA-Interim compared to MLS and MERRA. The faster tropical upwelling in ERA-Interim than in MERRA has been already noticed in previous studies (e.g., Schoeberl et al., 2012) . COSMIC water vapor retrievals are based on an ERA-Interim temperature background, which might be the reason for this faster tropical 20 upwelling in COSMIC. Also note that the satellite sampling biases have a larger impact on the annual mean around the tropical tropopause, where the natural variability is large (Toohey et al., 2013) . MERRA shows a slower and shallower "taper recorder"
signal, which indicates a slower tropical upwelling in MERRA. In the upper troposphere the seasonal cycle of water vapor is relatively weak (Newell et al., 1997) , however, ERA-interim shows an unrealistic annual cycle in the upper troposphere, which cannot be seen in other datasets.
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In summary, for the seasonal variability of water vapor, different regions produce different features since they are dominated by different processes mentioned above. COSMIC shows good agreement with MLS in general, except for the about 50% faster tropical "tape recorder" in the tropics. MERRA shows a correct seasonal cycle in general, but has a too strong winter dehydration in the Antarctic region. ERA-Interim does not have or has only a very weak winter dehydration in the Antarctic region and produces an unrealistic seasonal cycle in tropical upper tropospheric water vapor. ability uses time series of deseasonalized water vapor anomalies in the following, which can be used to check the potential of COSMIC data to capture such natural variability.
Time series of water vapor anomalies over five regions (equator, southern mid-latitude, northern mid-latitude, southern and northern high latitude) are obtained by simply removing the seasonal cycle at three chosen pressure levels around 300 hPa, 100 hPa and 70 hPa (Figures 10 to 12) . At 300 hPa, the MLS has only data at 315 hPa and the MERRA has data at 311 hPa.
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In the Antarctic, the datasets agree well with each other except ERA-Interim (Figure 10 ). MLS has a number of data gaps hPa is much stronger than for COSMIC at 300 hPa due to the larger water vapor at lower altitudes. At 100 hPa, the water vapor anomalies, which are much smaller than those at 300 hPa, have the largest value in November 2012 and the lowest value In the northern mid-latitudes, all datasets except MERRA agree very well (Figure 11 ). The change of MLS anomalies is 15 similar with COSMIC in general, some monthly differences can be introduced by noise or sampling issues in the satellite data. COSMIC has the best agreement with ERA-Interim in this region. Above 100 hPa, the MERRA anomalies are quite small, which cannot present correct interannual variations. This problem can be also observed in the time series of the MERRA data as a symmetric change over all years. In the stratosphere, MERRA does not reproduce the magnitude of the water vapor anomaly and interannual variability (Jiang et al., 2015) . Above 100 hPa, an obvious multi-year increase trend of water vapor 20 anomalies can be observed in all datasets except MERRA, which are largest in the year 2011. Above 100 hPa, a propagation of maximum water vapor anomalies from low levels to high levels can be observed. Similar effects can be also observed in the southern mid-latitudes and northern high latitudes (not show here). In the troposphere, the interannual variability of water vapor may also be related to ENSO and the highest positive anomalies are around the strongest ENSO indices at 300 hPa.
However, the reason for this variation needs to be further studied.
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In the tropics, all datasets agree relatively well ( Figure 12 ). As mentioned above, the MERRA anomalies are especially small at high vertical levels. In this region the natural variability such as ENSO and QBO is known to be large. ENSO is (Randel et al., 2004; Fueglistaler and Haynes, 2005; Fujiwara, 2010) . The QBO is a quasiperiodic oscillation of the mean equatorial zonal wind in the tropical stratosphere with an average period of drawn from the present study are as follows:
• COSMIC shows good agreement (less than 15% discrepancies) with MLS climatologies in the lower to middle stratosphere (100-10 hPa), but is wetter than MLS in the upper troposphere (250-150 hPa). Considering the well-known dry bias of MLS in the UTLS, COSMIC has good quality water vapor from the upper troposphere to the lower stratosphere. The seasonal cycles of COSMIC data in all latitude bands are realistic except that the "taper recorder" signal in the tropics 25 indicates a faster upward vertical motion compared to that in MLS. In terms of the interannual variability, COSMIC RO data can provide a more detailed picture of water vapor change resulting from natural forcing agents such as ENSO and QBO.
• MERRA closely resembles MLS in the water vapor climatology and its seasonal cycle from the upper troposphere to the middle stratosphere. In the upper troposphere, the MERRA reanalysis is systematically drier than COSMIC and ERA-
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Interim. One exception is found below 150 hPa in Antarctic winter, where MERRA is even drier than MLS. The disagreement between MERRA and the satellite data diminishes in the lower stratosphere. MERRA is also too weak in the
